Recombination is thought to be an important source of genetic variation in herpesviruses. Several studies, performed in vitro or in vivo, detected recombinant viruses after the coinoculation of two distinguishable strains of the same herpesvirus species. However, none of these studies investigated the evolution of the relative proportions of parental versus recombinant progeny populations after coinoculation of the natural host, both during the excretion and the reexcretion period. In the present study, we address this by studying the infection of cattle with bovine herpesvirus 1 (BoHV-1). ؉ /gE ؊ mutants, when inoculated alone, were detected after reactivation treatment. In view of these data, the importance of gE in the biology of BoHV-1 infection and the role of recombination in herpesvirus evolution are discussed.
The genomes of large DNA viruses have generally evolved by three mechanisms: mutation during viral DNA replication, acquisition of cellular genes, and recombination between strains of the same viral species. The Herpesviridae form an extensive family of large DNA viruses that appear to have acquired a diverse collection of genes from their hosts at different times in the past (37) . The rate of synonymous nucleotide substitution per site per year has been analyzed for different herpesviruses and was estimated to be 20 to 30 times that of the host genome (12, 19, 29) . This low rate of nucleotide substitution most probably reflects the efficient proofreading activity of the herpesvirus DNA polymerase (7) and/or the importance of periods of latency in their biology. Recombination is thought to be an important source of genetic variation in herpesviruses, allowing combination of genetic features shared by different strains. Recombination between herpesviruses was first demonstrated in 1955 when wild-type herpes simplex virus type 1 (HSV-1) was recovered from mixed inoculations between pairs of temperature-sensitive mutants (54) . Since then, herpesvirus recombination has been studied both in vitro and/or in vivo between distinguishable strains of HSV-1 and/or HSV-2 (5, 6, 20, 24, 28, 35, 43, 47, 48) , pseudorabies virus (PrV) (8, 9, 15, 16, 17, 18, 23) , feline herpesvirus 1 (14) , and varicella-zoster virus (11) . From in vitro studies it has been concluded that recombination is a frequent event, leading to the creation of viruses harboring new genetic combinations. Careful analyses of these recombinants has allowed a better understanding of the molecular mechanisms underlying recombination (49) . However, in vitro approaches do not reflect what happens in vivo. In vivo reports, carried out mainly using heterologous animal models, led to the important finding that two avirulent strains can recombine to produce virulent viruses which were demonstrated, in most cases, to be lethal for coinoculated animals (15, 20, 23, 43) .
However, the methods used to study in vivo recombination in the reports referenced above precluded the investigation of some important features linked to recombination. Indeed, these studies detected recombination events by characterization of isolated viruses taken from coinoculated animals that were either euthanized at different times postinoculation (p.i.) (16, 18, 24, 28) or died as a consequence of the restoration of virulence after recombination and/or complementation between two avirulent strains (15, 17, 20, 23, 35, 43) . Such experimental approaches were incompatible with the analysis of the relative proportions of parental versus recombinant progeny populations during the course of the entire excretion period of a single animal. Moreover, herpesviruses can persist lifelong in a latent state in the infected host but can also periodically reactivate (21, 40) . In regard to the latter property, no study has investigated the possibility of the survival of recombinants after reactivation from latency.
Bovine herpesvirus 1 (BoHV-1) is a major pathogen of cattle responsible for respiratory (infectious bovine rhinotracheitis) and genital (infectious pustular vulvovaginitis) diseases (21, 45, 46, 56) . After primary infection by the intranasal route, BoHV-1 replicates in the nasal mucosa and can persist in a latent state in sensory neurons of the trigeminal ganglia (1) or in tonsils (55) . BoHV-1 can be reactivated and reexcreted by means of several stimuli, including transport, parturition, or treatment with glucocorticoids (36, 56) . Several features of the biology of BoHV-1 infection make this virus a good candidate as a model to study in vivo recombination between two strains. First, recombination can be studied in the natural host after coinoculation at the natural site of infection, the nasal mucosa. Second, in contrast to previous studies where sampling procedures to isolate progeny viruses implied the death of coinoculated animals, the nasal swabbing procedure allows monitoring the appearance and the evolution of recombinant viral populations during the entire excretion period of a single animal at the precise site of recombination, the nasal mucosa. Third, the experimental reactivation treatment with glucocorticoids performed on the same animal allows estimation of the survival of both parental and recombinant progeny populations after reactivation from latency.
In the present study, we used previously described PCR and immunofluorescence assays to characterize and quantify progeny viruses generated from coinoculation between two BoHV-1 mutants lacking either the glycoprotein C (gC) or gE open reading frames (ORFs) (41, 42) . These assays allowed straightforward discrimination between parental and progeny recombinant viruses (43) . Using this methodology, we investigated recombination after coinoculation of cattle by the intranasal route with these two parental BoHV-1 mutants. The present study is the first to investigate the rise of recombinant viruses in the natural host after coinoculation with two distinguishable strains and to monitor the evolution of these viruses during the excretion and reexcretion periods.
MATERIALS AND METHODS
Virus and cell culture. Two deletion mutants derived from the BoHV-1 strain Lam (33) were used in the present study. The Lam gC Ϫ mutant has a deletion in the gene encoding gC (22) . From the gC gene the 1.4-kb NcoI-SplI fragment has been deleted, which starts at the start codon of the gC ORF and ends 172 bp upstream of the gC stop codon. Because the deletion causes a frameshift with respect to the last 57 amino acids, no gC peptides are encoded. In the Lam gE Ϫ mutant the entire gE ORF is deleted (50) . Madin-Darby bovine kidney (MDBK; ATCC CCL-22) cells were grown in Earle minimal essential medium (Gibco-BRL) supplemented with 2% penicillin (P) (5,000 U/ml), streptomycin (S) (5,000 g/ml), PS (Gibco-BRL), and 5% heat-inactivated fetal bovine serum (BioWhittaker) (MEM-FBS). Viral stocks were produced by separate infections of confluent MDBK cells with either the Lam gC Ϫ mutant or the Lam gE Ϫ mutant at a low multiplicity of infection (MOI) of 0.1 in Earle's minimal essential medium supplemented with 2% PS and 2% heat-inactivated horse serum (Serolab; International Medical) (MEM-HS). When a 90% cytopathic effect occurred, the culture medium was harvested and clarified twice by centrifugation at 1,000 ϫ g. The resulting cell-free supernatant was divided into aliquots and frozen at Ϫ80°C (until used for inoculation) and titrated by plaque assay on MDBK cells as previously described (25) . When indicated, embryonic bovine lung (DSMZ ACC 192) cells were used to produce BoHV-1 stocks according to the procedure described above for MDBK cells.
Experimental design. Twenty calves (5 to 6 months old) from three BoHV-1-free dairy farms were used in the present study. The serological status of these farms had been confirmed through regular serological screening over the past 3 years by using two commercially available enzyme-linked immunosorbent assays: the Serelisa IBR/IPV Ab Monoblocking Assay (Synbiotics) and the BHV-1 gE Antibody Test (Herdcheck Idexx). Calves were transported to the experimental facilities 3 weeks before inoculation. As an additional precaution, serum samples were drawn weekly during this period and tested for the presence of BoHV-1 antibodies by using the enzyme-linked immunosorbent assays mentioned above. All calves were strictly isolated from each other during the course of the study, and precautions were taken to avoid spread of virus between calves. Ten calves (group A) were inoculated intranasally with 2 ml of a 1:1 mixture of Lam gC Ϫ and Lam gE Ϫ mutants containing 5 ϫ 10 6 PFU of each mutant (1 ml of the mixture was slowly administered into each nostril). Five calves (group B) were inoculated intranasally with the Lam gC Ϫ mutant (10 7 PFU), and five calves (group C) were inoculated intranasally with the Lam gE Ϫ mutant (10 7 PFU). In order to reactivate putative BoHV-1 latent infection, animals were treated 12 weeks p.i. with dexamethasone (Dexavène; Schering-Plough) at the dose of 0.1 mg/kg of body weight per day administered intravenously for five consecutive days. To monitor virus excretion and reexcretion, nasal swabs were taken from each animal as described previously (25), divided into aliquots, and stored at Ϫ80°C until used. Swabs were performed daily during the first 14 days p.i. and during the post-reactivation treatment (PRT) period.
Animal care and experimental procedures were carried out in accordance with the Belgian law (A.R. 14/11/93) implementing the European Council directive number 86/609/ECC of 24 November 1986. The experimental design was accepted by the ethical committee of the Faculty of Veterinary Medicine of the University of Liège, Liège, Belgium.
Detection and titration of BoHV-1 in nasal secretions. Detection of BoHV-1 in nasal swabs was performed by virus isolation on MDBK cells cultured in 6-and 24-well plates (Multiwell; Becton Dickinson). Each nasal fluid was incubated for 2 h, in duplicate, undiluted and 10-fold diluted. The inoculum was then removed, and MEM-HS was added. Monolayers were observed daily for 5 to 7 days to detect the cytopathic effect typical of BoHV-1. Nasal fluids found to be positive by this first method were further titrated by plaque assay in 24-and 96-well plates with 3 to 4 days of incubation at 37°C before they were stained with an aqueousalcoholic solution of crystal violet (25) . The virus titer was expressed as PFU/100 mg of nasal secretion.
Isolation and characterization of progeny viruses from nasal swabs. Isolation and characterization of progeny viruses from nasal secretions was performed as described previously (42) . Briefly, progeny viruses were isolated directly by plaque picking and further propagated individually. Isolates were then characterized by using a PCR, and an immunofluorescence-based approach as described previously (41, 42) . The PCR method allows the simultaneous detection of both gC and gE sequences. To confirm PCR results suggesting gC ϩ /gE ϩ or gC Ϫ /gE Ϫ recombinants, additional immunofluorescence assays were performed as described previously (42), with minor modifications. Plaques of the isolates that generated a gC ϩ /gE ϩ PCR result were subjected to a double immunofluorescence staining with monoclonal antibodies (MAbs) raised against gC (MAb 1507 [30, 31] ) and gE (MAb BH35 [2] ). MAb 1507 is a mouse immunoglobulin G2a (IgG2a), used at a dilution of 1/10,000, and was detected by using fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG2a antibodies (FITC-GAM-IgG2a; Imtech). MAb BH35 is a mouse IgG1, used at a dilution of 1/1,000, and was detected by using R-phycoerythrin (PE)-conjugated goat antimouse IgG1 antibodies (R-PE-GAM-IgG1; Imtech). The same assay was applied to plaques formed by isolates that generated a gC Ϫ /gE Ϫ PCR result. In addition, to control that these latter isolates were indeed BoHV-1, plaques were stained with MAb 3402 raised against BoHV-1 gD (30, 31) . MAb 3402 is a mouse IgG2a, used at a dilution of 1/10,000, and was detected by using FITC-conjugated goat anti-mouse IgG2a antibodies (FITC-GAM-IgG2a; Imtech).
RESULTS
Parental strains replicated efficiently when inoculated alone. To study in vivo recombination between two strains of the same herpesvirus in the natural host, 10 calves were coinoculated intranasally with both BoHV-1 Lam gC Ϫ and Lam gE Ϫ mutants (group A) as described in Materials and Methods. However, because viral DNA replication is required for recombination (39) , it was crucial to ensure that, in our experimental conditions, the two parental mutants used to study recombination replicate when inoculated alone. Two groups of five calves were therefore inoculated intranasally with either the Lam gC Ϫ parental mutant (group B) or the Lam gE . These results indicate that our experimental conditions allow the replication of both parental mutants used to study recombination. Therefore, it can be deduced that the two parental mutants also replicated in the nasal mucosa of calves coinoculated with both mutants, thus meeting one of the conditions for recombination to occur.
BoHV-1 reexcretion PRT analysis. A reactivation treatment was performed 12 weeks p.i. The mean reexcretion viral titers are shown in Fig. 1 . BoHV-1 was recovered PRT from nasal secretions of all calves in group A between 3 to 6 days. The mean peak virus titer was detected on day 7 PRT and was 10 5. Figure 2 shows the phenotypic characterization of both types of recombinant viruses generated during the course of this experiment. The results presented in Table 1 show that gC ϩ /gE ϩ recombinant viruses were detected in all 10 coinoculated calves, whereas gC Ϫ /gE Ϫ recombinants were detected in 8 of 10 coinoculated calves. To investigate whether the lack of detection of gC Ϫ /gE Ϫ recombinants in nasal swabs of calves 9 and 10 was due to the limited number of progeny viruses characterized during this first screening, 20 additional progeny viruses were plaque purified and characterized. The results indicated that at least one progeny virus from each animal was a gC Ϫ /gE Ϫ recombinant (data not shown), demonstrating that gC Ϫ /gE Ϫ recombinants were detected in all coinoculated calves. These results demonstrate that recombination occurs frequently in vivo since both types of recombinants were detected in all coinoculated animals.
The cell line used for plaque purification and characterization does not influence the proportions of progeny virus populations. The approach used in the present study to quantify the relative proportions of the four progeny populations postulates that the cell type used for the plaque purification procedure does not favor the infectivity of one (or more) of the four progeny populations. Because it was demonstrated that the requirements of gC in the attachment process of PrV vary between different cell types (32), it was crucial to address this issue. With that goal in mind, the four viruses were replicated and titrated by using embryonic bovine lung cells. Based on these titers, an appropriate dilution (i.e., allowing plaque purification) of a 1:1:1:1 mixture of the four progeny viruses was used to inoculate MDBK cells. After incubation, 113 plaques were purified and characterized as described above. The results indicated that 29 Evolution of viral populations during the course of the excretion period. Three calves from group A (calves 1, 2, and 3) were selected randomly for this part of the study. Total progeny virus titers were determined, allowing the establishment of individual excretion curves (Fig. 3) . Calves 1 and 3 excreted BoHV-1 from days 1 to 8 p.i., whereas calf 2 excreted BoHV-1 Ϫ mutant (C). Nasal swabs were taken daily starting from day 0 (the day of inoculation) to day 14. BoHV-1 was reactivated experimentally 12 weeks p.i. by dexamethasone treatment as described in Materials and Methods. Nasal swabs were taken daily during the first 14 days PRT. The virus titers were determined by plaque assay and are expressed as the log PFU/100 mg of nasal secretions.
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on August 15, 2017 by guest http://jvi.asm.org/ from days 1 to 9 p.i. Progeny viruses from BoHV-1-positive nasal swabs were isolated and characterized. The number of progeny viruses isolated from each nasal swab is listed in Table  2 . Progeny virus isolation was not applied on days 1, 8, and 9 p.i. because either the amount of progeny viruses that were detected was too small or no progeny virus was detected. For a given day of the excretion period, each progeny population was first expressed as a relative percentage of the total number of isolates characterized. The percentages obtained were then expressed as log PFU/100 mg of nasal secretions after multiplication by the corresponding total progeny virus titer. After this procedure the total BoHV-1 excretion curves of calves 1, 2, and 3 were separated into four subcurves representing the evolution of the four progeny populations during the entire excretion period (Fig. 3) . Although isolation and characterization of progeny viruses were not done on day 1 p.i., the results demonstrate that recombination occurred soon after coinoculation since recombinants were detected as early as 2 days p.i. Indeed, from nasal swabs collected on day 2 p.i., a gC ϩ /gE ϩ recombinant population was detected in the three calves, whereas a gC Ϫ /gE Ϫ recombinant population was detected only in calf 3. For calves 1 and 2 the gC Ϫ /gE ϩ parental population predominates on day 2 p.i., whereas the gC ϩ /gE Ϫ parental population was approximately 10-fold less abundant in calf 1 and was not detected in calf 2. In contrast, both parental populations were detected in approximately equal amounts in calf 3. Starting from these different proportions of progeny populations on day 2 p.i., the gC Ϫ /gE ϩ parental population evolved to predominate in each calf even in the case of calf 3, in which the two parental progeny viruses were detected in approximately equal amounts on day 2 p.i. In addition, the gC ϩ /gE ϩ recombinant population evolved during the course of the excretion period to reach levels very similar to those of the gC Ϫ /gE ϩ parental population (see Fig. 3, day 6 p.i.) . Finally, the gC Ϫ /gE Ϫ recombinant population was detected continuously during all of the excretion period for calf 3, whereas this recombinant population was detected only on days 5 and 6 p.i. for calf 1 or on days 5 and 7 p.i. for calf 2. Since the replication of the gC ϩ /gE Ϫ mutant is required to give rise to gC Ϫ /gE Ϫ recombinants, it should be noted that this observation correlates with the fact that the parental gC ϩ /gE Ϫ mutant was detected throughout the excretion period for calf 3 but not for calves 1 and 2.
Taken together, these results confirm that recombination is a frequent event in vivo that occurs shortly after coinoculation. Moreover, recombination between the two parental populations generated two new recombinant populations, and our results demonstrated that the relative proportions of the progeny populations evolved during the excretion period toward a situation where two populations predominated largely without fully outcompeting the other two populations.
FIG. 2. Phenotypic characterization of recombinant viruses. Progeny viruses identified by PCR as gC
ϩ /gE ϩ or gC Ϫ /gE Ϫ were further characterized by immunofluorescence. Plaques were stained for immunofluorescence detection of gC (A and D) and gE (B and E) as described in Materials and Methods. gC and gE were detected by determining the FITC and R-PE emission, respectively. (C and F) Independently, plaques generated from the same isolates were stained for immunofluorescence detection of gD and visualized by determining the FITC emission. Bars, 100 m. a Twenty progeny viruses from nasal swabs taken on day 5 after coinoculation were isolated and characterized as described in Materials and Methods.
FIG. 3. Evolution of progeny virus populations in three calves coinoculated with both Lam gC
Ϫ and Lam gE Ϫ mutants. Calves were coinoculated intranasally on day 0. An experimental reactivation treatment was performed at 12 weeks p.i. Nasal swabs were taken daily, and total virus titers were determined by plaque assay both p.i. and PRT. Progeny viruses from nasal secretions collected from day 2 to 7 p.i. and on day 8 PRT were further characterized to determine the relative titers of each progeny virus population and their evolution. Titers are expressed as the log PFU/100 mg of nasal secretions.
Evolution of viral populations during the course of the reexcretion period. Distinguishable strains of a herpesvirus can establish latency in the same tissue of their natural host (53) . Moreover, the characterization of isolates taken from the latency sites of animals coinoculated with two different parental strains demonstrated in some cases that both recombinants and parental viruses reached the latency site (8, 43) . However, the question of how the different progeny populations evolved after reactivation from latency remained. To address this issue, progeny viruses isolated from nasal swabs taken on day 8 PRT (Table 2 ) from calves 1, 2, and 3 were characterized. The results indicated that only two progeny virus populations were detected after reactivation (Fig. 3) 
DISCUSSION
In this study we investigated the process of in vivo recombination between two distinguishable mutants of BoHV-1 after coinoculation of the natural host by the natural route of infection. To the best of our knowledge, the methodology used in the present study is the first to allow the investigation of both the rise and the survival of recombinant viruses after primary infection and reactivation from latency, the entire experiment being performed on the same animal. The results presented here demonstrate that (i) starting from two parental mutants, recombination generates a new progeny population composed of both parental (gC Ϫ /gE ϩ and gC ϩ /gE Ϫ ) and recombinant (gC ϩ /gE ϩ and gC Ϫ /gE Ϫ ) viruses; (ii) recombination is a frequent event in vivo since recombinants were detected in all coinoculated calves; (iii) the relative proportions of progeny populations evolve during the excretion period toward a situation in which two populations (gC ϩ /gE ϩ and gC Ϫ /gE ϩ ) predominate largely without outcompeting completely the presence of the other two (gC ϩ /gE Ϫ and gC Ϫ /gE Ϫ ); and (iv), after reactivation from latency, no gC ϩ /gE Ϫ and gC Ϫ /gE Ϫ progeny viruses could be detected, although gC ϩ /gE Ϫ viruses, when inoculated alone, were observed.
BoHV-1 gC plays a role in viral attachment to target cells (27) and BoHV-1 gE in the cell-to-cell spread of the virus (38) , as was demonstrated for homologue proteins of HSV-1 (10, 44) and PrV (32, 57) . In addition, it was recently shown that PrV gE is involved in virus egress (3, 4, 13) . In our experiments, both types of recombinants were detected in all coinoculated calves. The detection of high levels of gC ϩ /gE ϩ recombinants was not surprising since they possess wild-type characteristics. In contrast, the detection of gC Ϫ /gE Ϫ recombinants, even at low levels, was surprising in light of two previous reports dealing with PrV gC Ϫ /gE Ϫ mutants. Although gC Ϫ /gE Ϫ and gC Ϫ /gE ϩ PrV mutants grew similarly when the cells were infected at a high MOI, the gC Ϫ /gE Ϫ virus had a considerable growth defect when the cells were infected at a low MOI (57) . In addition, it has been shown recently that after inoculation by the intranasal route of naive pigs with high titers of a PrV gC Ϫ /gE Ϫ mutant, only half of the inoculated animals excreted the gC Ϫ /gE Ϫ virus during a short period of time (34) . These results indicated that the simultaneous deletion of gC and gE has an important impact on the ability of these mutants to replicate both in vitro and in vivo. We hypothesize that because gC Ϫ /gE Ϫ recombinants rise obligatory in a cell coinoculated with both parental mutants (gC Ϫ /gE ϩ and gC ϩ /gE Ϫ ), they should be complemented phenotypically for both gC and gE, allowing them to interact with their environment as efficiently as wild-type virus. In particular, after egress from the cell, these recombinants possess a viral envelope containing gC, which is known to play a role in the primary attachment of the virus to the target cell (27, 46) . Moreover, because gE is required for efficient cell-to-cell spread of BoHV-1 (38) , the synthesis of gE in cells where gC Ϫ /gE Ϫ recombinants were generated could contribute to the survival of these recombinants by an easier propagation to uninfected cells. Additional investigations are required to demonstrate this hypothesis. For example, it will be of particular interest to compare the replication rate of BoHV-1 gC Ϫ /gE Ϫ mutants in the presence or absence of a wild-type virus both in vitro and in vivo by using the methodology described previously (42) .
BoHV-1 establishes latency in sensory neurons of trigeminal ganglia after primary infection of the nasal mucosa (1) , and it has been demonstrated that a single host can support the latent infection of two distinguishable BoHV-1 strains (53) . It was also demonstrated that the gE deletion does not affect the ability of BoHV-1 to replicate and to establish latency but leads to the reduction of the amount of sensory neurons infected in comparision to wild-type virus (51) . In addition, it was reported that gE Ϫ strains can be reactivated and reexcreted from latency (26) even if, in this case, the process is also severely impaired compared to gE positive strains. Our results are in agreement with these previous observations since four of five calves reexcreted the Lam gE Ϫ mutant in significantly smaller amounts than the Lam gC Ϫ mutant when these mutants were inoculated alone. We then sought to investigate the survival of both gC ϩ /gE Ϫ parental and gC Ϫ /gE Ϫ recombinant populations in the context of the simultaneous presence of parental gC Ϫ /gE ϩ and recombinant gC ϩ /gE ϩ populations. From 312 isolates that were characterized PRT, no gE Ϫ viruses were detected in nasal swabs, although our results demonstrated that gC ϩ /gE Ϫ viruses were detected when inoculated alone. Unfortunately, we were unable to investigate whether the lack of detection of gE Ϫ viruses PRT is attributable to their failure to reach the latency site or reexcrete from it.
Our study has also important implications in the context of the extensive use of gE deleted marker vaccines as a tool in BoHV-1 eradication programs (52) , especially those evaluating the potential emergence of recombinants between BoHV-1 gE deleted marker vaccine and wild-type strains. The results presented here suggest that the epidemiological risk of the spread of recombinant viruses with the gE gene deleted from a latently infected animal to adjacent cattle is very slight.
The data obtained here indicate that in vivo BoHV-1 recombination is a frequent event. Indeed, all possible recombinant progeny viruses (even gC Ϫ /gE Ϫ viruses) were isolated from all coinoculated animals, indicating that recombination is an efficient mechanism for creating genetic diversity in BoHV-1. As indicated above, the rate of nucleotide substitution is relatively low in herpesviruses. The use of recombination is certainly a mechanism by which herpesviruses make the most of the genetic diversity created by mutation during viral DNA replication or by acquisition of cellular genes.
In conclusion, the present study is the first to investigate the rise of recombinant viruses after coinoculation, in the natural host, of two distinguishable strains and to monitor the evolution of these viruses during the excretion and reexcretion period. This study reveals the importance of gE in the biology of BoHV-1 infection in vivo and highlights the importance of recombination in the evolution of herpesviruses.
